The blood-testis barrier (BTB) creates an immunological barrier that segregates the seminiferous epithelium into the basal and apical compartment. Thus, meiosis I/II and postmeiotic germ cell development take place in a specialized microenvironment in the apical compartment behind the BTB and these events are being shielded from the host immune system. If unwanted drugs and/or chemicals enter the apical compartment from the microvessels in the interstitium via the basal compartment, efflux pumps (e.g. P-glycoprotein) located in Sertoli cells and/or spermatids can actively transport these molecules out of the apical compartment. However, the mechanism(s) by which influx pumps regulate the entry of drugs/chemicals into the apical compartment is not known. In this study, a solute carrier (SLC) transporter organic anion transporting polypeptide 3 (Oatp3, Slco1a5) was shown to be an integrated component of the N-cadherin-based adhesion complex at the BTB. However, a knockdown of Oatp3 alone or in combination with three other major Sertoli cell drug influx pumps, namely Slc22a5, Slco6b1, and Slco6c1, by RNAi using corresponding specific siRNA duplexes failed to perturb the Sertoli cell tight junction (TJ) permeability barrier function. Yet, the transport of [ 3 H]adjudin, a potential male contraceptive that is considered a toxicant to spermatogenesis, across the BTB was impeded following the knockdown of either Oatp3 or all the four SLC transporters. In short, even though drug transporters (e.g. influx pumps) are integrated components of the adhesion protein complexes at the BTB, they are not involved in regulating the Sertoli cell TJ permeability barrier function, instead they are only involved in the transport of drugs, such as adjudin, across the immunological barrier at the BTB.
Introduction
The blood-testis barrier (BTB) created by adjacent Sertoli cells near the basement membrane in the seminiferous epithelium of the testis maintains one of the tightest barrier-tissue barriers in the mammalian body, which segregates the entire events of i) meiosis I and meiosis II and ii) post-meiotic spermatid development, namely spermiogenesis and spermiation, from the systemic circulation (Cheng & Mruk 2002 , O'Donnell et al. 2011 . Thus, developing germ cells must rely on Sertoli cells for structural and nutritional support in the seminiferous epithelium . The BTB also imposes an immunological barrier to prevent unwanted and harmful substances from reaching the microenvironment in the apical compartment restricted for spermatid development and by shielding meiotic and haploid germ cells from being recognized and attacked by the host immune system because many specific antigens are expressed transiently in these developing germ cells . Additionally, the BTB plays an important role to confer the testis the immune-privileged status (Meinhardt & Hedger 2010) . However, this unique barrier also creates a major hurdle in drug development for male contraception and treatment of testicular cancer (e.g. germ cell tumors) if these drugs exert their effects behind the BTB . Thus, there is much interest to investigate the role of drug transporters, such as efflux pumps (e.g. P-glycoprotein) and influx pumps (e.g. organic anion transporting polypeptides (Oatps, including Oatp1, Oatp2, Oatp3 (Slco1a5), and Oatp4), which are members of a solute carrier (SLC) transporter subfamily), in regulating drug trafficking across blood-tissue barriers, in particular, at the blood-brain barrier and the blood-retinal/ocular barrier (Dallas et al. 2006 , Miller et al. 2008 . Recent studies have identified several drug transporters in the testis (Suzuki et al. 2003 , Augustine et al. 2005 , Su et al. 2009 ). For instance, P-glycoprotein was shown to be an integrated component of the occludin-, claudin-11-, and JAM-A-based adhesion protein complexes at the BTB, and a significant but transient increase in their association was also detected when rats were treated with adjudin (1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide (Su et al. 2009 ), a potential male contraceptive known to exert its effects at the Sertoli-spermatid interface by disrupting the apical ectoplasmic specialization (apical ES, a testis-specific atypical adherens junction type) anchoring device to induce spermatid loss from the seminiferous epithelium (Cheng & Mruk 2002 , Wong et al. 2008a ). We interpret that this surge in the steady-state protein level of P-glycoprotein and its increase in association with the adhesion protein complexes at the BTB (Su et al. 2009 ) are likely used by the testes to 'pump' adjudin, a toxicant to spermatogenesis, out of the apical compartment in the seminiferous epithelium to protect post-meiotic spermatid development. Thus, we sought to examine whether Oatp3 (Slco1a5; Meier & Stieger 2002 , Klaassen & Aleksunes 2010 , Su et al. 2010b , Ueno et al. 2010 ) -a widely expressed influx drug pump known to transport thyroid hormones, prostaglandin E 2 , organic anions and signal mediators across the blood-brain barrier (Abe et al. 1998 , Ohtsuki et al. 2004 ) and bile acid across the gut barrier in intestine (Cattori et al. 2001) and is found in the testis (Augustine et al. 2005 , Su et al. 2009 ) -was structurally associated with integral membrane proteins at the BTB. We also investigated whether Oatp3 (Slco1a5 alone, or in combination with other SLC transporters (influx pumps), such as Slc22a5 (a SLC organic cation transporter family member 5, also known as OCTN2, a Na C -dependent organic cation/carnitine transporter 2, involved in the transport of carnitine and organic cations), Slco6b1 (a SLC organic anion transporter family member 6b1, also known as a testis-specific transporter-1 (TST-1), or GST-1, gonad-specific transporter, implicated in Schwann cell development and involved in the transport of dehydroepiandrosterone sulfate, sex steroids and thyroid hormones), and Slco6c1 (a SLC organic anion transporter family member 6c1, also known as TST-2 or GST-2, involved in the transport of thyroxine, taurocholic acid, and dehydroepiandrosterone), which are highly expressed in Sertoli cells in the testis (Collarini et al. 1992 , Mizuno et al. 2003 , Suzuki et al. 2003 , Augustine et al. 2005 , Ueno et al. 2010 and are known to be involved in drug transports in epithelia under normal and pathological conditions (Rochat 2009 , Kis et al. 2010 , Klaassen & Aleksunes 2010 , would regulate the entry of drugs (e.g. adjudin) from the basal to the apical compartment across the BTB. We also assessed whether the entry of adjudin into the epithelium behind the BTB is mediated by changes in the Sertoli cell tight junction (TJ) permeability barrier if Slco1a5 is a structural component of the adhesion protein complexes at the BTB.
Materials and Methods

Animals
The use of Sprague-Dawley rats in all the experiments reported in this study was approved by the Rockefeller University Animal Care and Use Committee with Protocol Numbers 06018 and 09016.
Antibodies
Antibodies were either obtained commercially or prepared in our laboratory and the appropriate working dilutions are listed in Table 1 . All commercially purchased antibodies are known to cross-react with the corresponding proteins in rats as indicated by the manufacturers.
Primary Sertoli cell cultures
Primary Sertoli cells were isolated from 20-day-old rat testes and cultured in F12/DMEM supplemented with growth factors and bacitracin as described earlier (Cheng et al. 1986 , Mruk et al. 2003 , Su et al. 2009 (Grima et al. 1992 , Lui et al. 2001 ) with ultrastructures of TJ, basal ES, and desmosome when examined by electron microscopy , which mimics the BTB in vivo (Byers et al. 1986 , Janecki & Steinberger 1986 , Mruk et al. 1997 . This in vitro system has widely been used by investigators in the field to study Sertoli cell BTB regulation (Janecki et al. 1991a , Okanlawon & Dym 1996 including our laboratory (Lui et al. 2001 , Yan et al. 2008b , Siu et al. 2009a . Also, Sertoli cells isolated from 20-day-old rat testes are fully differentiated and ceased to divide (Orth 1982) , and these cells are functionally indistinguishable from adult Sertoli cells isolated from adult rat testes (Li et al. 2001a , Lui et al. 2003a .
Drug transporters knockdown in Sertoli cell epithelium by RNAi
For RNAi experiments, Sertoli cells were transfected with 100 nM non-targeting control siRNA or specific Oatp3 (Slco1a5) siRNA duplexes (Ambion/Applied Biosystems, Austin, TX, USA, see Table 2 ) for Oatp3 single knockdown; 200 nM non-targeting control duplexes, a mixture of 50 nM Slco1a5 plus 150 nM control siRNA duplexes or a mixture of Slco1a5, Slc22a5, Slco6b1, and Slco6c1 siRNA duplexes (50 nM each) in multiple influx drug transporters (MIDTs) knockdown experiments using RiboJuice siRNA Transfection Reagent (Novagen/EMD4 Biosciences, San Diego, CA, USA). The sequences of the four drug transporters' siRNA duplexes are listed in Table 2 . The sequences of the non-targeting control siRNA duplexes (Silencer Select Negative Number 1 siRNA) were not available from the manufacturer (Ambion), but the Catalog number is listed in Table 2 . Transfection was performed routinely on day 3 when an intact Sertoli cell epithelium with a functional TJ permeability barrier was established as described earlier , Lie et al. 2010 . About 24 h thereafter, transfection mixture was removed and replaced with fresh F12/DMEM, and cells were cultured for another 48 h before their termination. In dual-labeled IF analysis, siGLO Red Transfection Indicator (Dharmacon/Thermo Fisher Scientific, Lafayette, CO, USA) was co-transfected with specific siRNA duplexes to confirm successful transfection. Off-target effects of the silencing experiments were assessed by immunoblot analysis using multiple marker proteins at the BTB including two efflux pumps: P-glycoprotein and multidrug resistance-associated protein 1 (Mrp1).
Administration of adjudin to adult rats and in vitro treatment of Sertoli cells with adjudin Adjudin (50 mg/kg b.w., suspended in 0 . 5% methylcellulose (wt/vol)) was administered to adult rats (z300 g b.w.) by gavage with a single dose to induce germ cell loss from the seminiferous epithelium , Su et al. 2009 ). Rats were killed by CO 2 asphyxiation at selected time points at 0, 3, 6, 9, and 12 h, and 1, 2 and 4 days after treatment (nZ3-5 rats per time point), testes were removed immediately under aseptic conditions, snap-frozen in liquid nitrogen and stored at K80 8C until used. Testis lysate was obtained for immunoblot analysis as described (Su et al. 2010c) . Cross-sections (7 mm thick) of testes were obtained with a cryostat at K20 8C and used for immunohistochemistry (IHC; Su et al. 2010a . For Sertoli cell cultures, adjudin (1 mg/ml stock, dissolved in ethanol) was added to F12/DMEM at a final concentration of 1 mg/ml. Sertoli cells were treated with media containing adjudin daily and terminated for dual-labeled IF analysis at specified time points. [indazole-5,7-3 H(N)]-1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, specific activity, 580 mCi/ mmol) was obtained from Perkin Elmer (Boston, MA, USA). The purity of this radiolabeled adjudin was shown to be at least 98% pure by reverse-phase HPLC using a Zorbax SB-C18 HPLC column (4 . 6!250 mm i.d.). Sertoli cells were cultured on Matrigel-coated bicameral units at 1 . 2! 10 6 cells/cm 2 for 3 days to form an intact epithelium with a functional TJ permeability barrier established when assessed by TER across the cell epithelium and having the 
Sequences for the non-targeting control duplexes (Silencer Select Negative Number 1 siRNA, Cat. no. 4390843) are not available from the manufacturer (Ambion).
ultrastructures of TJ, basal ES, and desmosome-like junction when examined by electron microscopy as described . Thereafter, Sertoli cells were transfected with nontargeting control siRNA duplexes, Slco1a5 siRNA duplexes, or a mixture of Slco1a5, Slc22a5, Slco6b1, and Slco6c1 siRNA duplexes for quadruple knockdown. siRNA duplexes were removed 24 h thereafter, and 3 days after transfection, [
3 H]adjudin (w0 . 6!10 6 c.p.m.) was added to the basal compartment of each bicameral unit. About 50 ml aliquot of F12/DMEM was withdrawn from the apical or basal compartment at selected time points: 0, 0 . 5, 1 . 5, 3, 4, 5, 6, 7 , and 9 h and placed in scintillation vials together with 3 ml liquid scintillation cocktail (Beckman Coulter Inc., Brea, CA, USA) for radioactivity determination using a b-counter.
Immunoblot analysis and co-immunoprecipitation
Lysates from testes or Sertoli cells were prepared in immunoprecipitation (IP) lysis buffer (10 mM Tris, 0 . 15 M NaCl, 1% NP-40, and 10% glycerol, pH 7 . 4 at 22 8C) supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich) according to the manufacturer's instructions as described earlier (Su et al. 2009 ). Lysates (w100 mg protein from testes or 50 mg from Sertoli cells) were resolved by SDS-PAGE for immunoblot analysis with target proteins being probed by the corresponding primary antibodies (Table 1) as described earlier (Su et al. 2009 (Su et al. , 2010c . Protein estimation was performed by spectrophotometry with a Bio-Rad Dc Protein Assay Kit using BSA as a standard and a Bio-Rad Model 680 Plate Reader. Co-immunoprecipitation (Co-IP) was performed to identify proteins that are structurally associated with Slco1a5 as described (Su et al. 2009 ). In brief, 2 mg normal goat IgG was added to 300 mg lysates of Sertoli cells, incubated for an hour before precipitated with 10 ml protein A/G agarose beads (1 h), and the supernatant was obtained (1000 g, 5 min). This precleaning step removed non-specific interacting proteins from the cell lysates. Thereafter, lysates were incubated with 2 mg normal goat IgG as negative control or specific anti-Oapt3 antibody for Co-IP on a Labnet MiniLabRoller overnight, to be followed by incubation with 20 ml protein A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA, USA) to extract the immunocomplexes. Thereafter, beads were washed with IP lysis buffer and immunocomplexes (Slco1a5 and its interacting protein partners) were extracted in an SDS-PAGE sample buffer at 100 8C for SDS-PAGE and immunoblot analysis. Sertoli cell lysate (20 mg protein) without IP served as a positive control.
IHC and dual-labeled IF analysis
IHC and dual-labeled IF analysis were performed essentially as described earlier , Yan et al. 2008a , Su et al. 2009 ). Frozen sections of testes (w7 mm thick) were obtained with a cryostat and fixed with Bouin's fixative. Cultured Sertoli cells were fixed with 4% paraformaldehyde in PBS (10 mM sodium phosphate, 0 . 15 M NaCl, pH 7 . 4 at 22 8C). digital camera and Olympus MicroSuite Five imaging software package to obtain the TIFF file format. All images were subsequently compiled and analyzed using Adobe Creative Suite CS3 software package, such as for image overlay. Each IHC and dual-labeled IF analysis experiment was repeated at least three times using different rat testis and/or Sertoli cell preparations. Thus, representative results from at least three independent experiments were shown herein.
Primary antibodies were incubated at room temperature
Functional assessment of the Sertoli cell TJ permeability barrier
The Sertoli cell TJ permeability barrier was quantified by the ability of the cell epithelium to restrict the current flow (ohm) transmitted across the cell monolayer when two electrodes of a Millipore Millicell-ERS were placed in the corresponding apical and basal chamber of the bicameral unit (Millipore, Bedford, MA, USA), and a short (w2 seconds) 20 mAmp pulse of current was sent across the electrodes (i.e. the cell epithelium) as described earlier (Grima et al. 1998 , Lui et al. 2001 . In short, Sertoli cells cultured in F12/DMEM were plated on Matrigelcoated bicameral units (in triplicates) at 1 . 2!10 6 cells/cm 2 at time 0, and TER was recorded daily, with fresh F12/DMEM replenished after the TER measurement. On day 3, when the TJ permeability barrier was established as manifested by a stable TER across the Sertoli cell epithelium, transfection was performed to silence either Oatp3 (Slco1a5) alone or in combination with three other drug influx pumps, namely OCTN2 (Slc22a5), TST-1 (Slco6b1) and TST-2 (Slco6c1) using the corresponding siRNA duplexes versus the non-targeting control siRNA duplexes to assess the effects of RNAi on the Sertoli cell TJ permeability barrier function. Immunoblot analysis using tissue lysates (w100 mg protein) of testes, kidney, liver, brain, small intestine, seminiferous tubules (ST) (these organs or tissues were all obtained from adult male rats), Sertoli cells (SC; from 20-day-old rats), and germ cells (GC; from adult rats) and a specific anti-Oatp3 or anti-OatpYantibody (see Table 1 ) (A i and ii). Actin served as a protein loading control. (B) An immunoblot illustrating the specificity of the anti-Oatp3 antibody with lysate from testes, which was used for immunohistochemistry (C) and immunofluorescence microscopy (D). (C) Localization of Oatp3 in the seminiferous epithelium by immunohistochemistry using frozen sections of testes and the anti-Oatp3 antibody (Table 1 ) (see i-ii, iv-vii, with iii as a negative control using normal goat IgG instead of the anti-Oatp3 antibody). Immunoreactive Oatp3 (reddish brown) was detected at the BTB (black arrowheads) in virtually all stages of the epithelial cycle but most prominently (and the highest expression) at stages VII-X. Intensive Oatp3 staining was also found at the apical ES (white arrowheads) in stage VII-VIII tubules, which became relatively weaker at other stages. In C, a-b, c-d, e-f, and g-h are magnified images of the corresponding boxed areas shown in iv, v, vi and vii. V, VII, VIII, X in 'red'refer to stages of tubules. Scale bar, 200 mm in C i, which applies to C iii; 100 mm in C ii; 50 mm in C iv, which applies to v, vi, and vii; 30 mm in a, which applies to c, e, and g; 20 mm in b, which applies to d, f, and h. (D) Immunofluorescence staining pattern of Oatp3 in rat testes. The stage-specific localization of Oatp3 in the testis shown in i-iv in D, such as at the BTB (white arrowheads in i) and the apical ES (see ii and iv) is consistent with findings in C. Insets in ii and iv are the magnified images of the corresponding boxed areas at the apical ES. iii-iv are the merged images of i-ii wherein cell nuclei were stained with DAPI. 50 mm in D i, which applies to iii; 20 mm in D ii, which applies to iv; 10 mm in inset in D ii, which applies to inset in D iv. Full colour version of this figure available via http://dx.doi.org/10.1530/JOE-10-0474.
RNA extraction and RT-PCR
As anti-OCTN2, anti-TST-1, and anti-TST-2 antibodies that could be used for immunoblot analysis were not available, we had used RT-PCR to assess the efficacy of their knockdown following RNAi. Total RNAs were extracted from Sertoli cells on day 3 after transfection with siRNA duplexes (see Table 2 ) using TRIzol reagent (Invitrogen). Contaminating genomic DNA in each RNA sample, if any, was digested with RNase-free DNase I (Invitrogen) prior to their use for reverse transcription into cDNAs using Moloney murine leukemia virus reverse transcriptase (M-MLV RT) reagent (Invitrogen). PCR was performed as described (Lui et al. 2003a , Su et al. 2009 ) using primer pairs specific to corresponding target genes (Table 3) and co-amplified with ribosomal S16, which served as an internal control for equal sample processing and RNA loading.
Quantitative real-time RT-PCR and data analysis
To further confirm the extent of gene silencing by RNAi as specific and/or working antibodies are not available for some influx pump transporters (e.g. Slc22a5, Slco6b1, and Slco6c1), quantitative real-time RT-PCR (qPCR) was used. qPCR was performed using an Applied Biosystems (Foster City, CA, USA) Prism 7700 Sequence Detection System with SYBR Green PCR Master Mix and primer pairs listed in Table 4 . Primers for qPCR were designed using either the Oligonucleotide Properties Calculator at www.basic.northwestern.edu/biotools/oligocalc.html or the Primer Express (Version 2.0) from Applied Biosystems, Inc., and were compared with existing database at GenBank using the basic local alignment search tool (BLAST) to ensure specificity (Table 4) . qPCR was performed at the Rockefeller University Genomics Resource Center as described earlier (Xia et al. 2007) . Equal amount of total RNA was then reverse transcribed using M-MLV RTwith 2 mg RNA in a 25 ml reaction. Both primers (5 pmol each) and various templates (including serially diluted control testis cDNA for generating the standard curve) and 1 ml reverse transcription product as described above were mixed with 2! SYBR Green PCR Master Mix in a 25 ml final reaction volume. The thermal cycler conditions were 10 min at 95 8C, followed by two-step (15 s at 95 8C and 1 min at 60 8C) PCR for 40 cycles, and a slow heating up to 95 8C for dissociation analysis at the end to ensure the purity of the PCR product. Amplification data analysis was performed using Applied Biosystems SDS 2.3 software as described in detail (Xia et al. 2007 ).
Statistical analysis
Statistical analyses were performed by two-way ANOVA with Tukey's honest significant test or Student's t-test using GB-STAT software (Version 7.0, Dynamic Microsystems, Silver Spring, MD, USA) to compare treatment and control groups as described (Yan et al. 2008a) . Results of qPCR were analyzed by one-way ANOVA for multiple comparisons using the JMP IN statistical analysis software package (Version 4, SAS, Inc., Cary, NC, USA).
Results
Stage-specific localization of Oatp3 ( Slco1a5) in the seminiferous epithelium of adult rat testes
Oatp3 displayed a broad tissue expression that was detected in testes, kidney, liver, brain and small intestine in adult male rats (w300 g b.w.) (Fig. 1Ai) . In the testis, Oatp3 was found in the seminiferous tubules, Sertoli cells, and germ cells (Fig. 1Aii) . The anti-Oatp3 antibody used for the various experiments reported in this study was selected based on the preliminary experiments when three anti-Oatp3 antibodies from different vendors were compared, and its specificity was illustrated by immunoblot analysis (Fig. 1B and Table 1 ). Although this antibody yielded some faint staining for some unwanted proteins, it was the best antibody based on the initial pilot experiments (and at the selected dilution, the staining was shown to be specific based on pilot experiments using different dilutions) and appropriate dilutions were thus selected for different applications as noted in Table 1 . Immunoreactive Oatp3 was detected near the basement membrane consistent with its localization at the BTB in almost all stages of the epithelial cycle, being highest at stages VII-X (Fig. 1C) , at the time of BTB restructuring to facilitate the transit of preleptotene spermatocytes. Considerably weaker staining was detected at the BTB at stages III-V. Oatp3 staining was intense at the apical ES at stages VII-VIII, coinciding with spermiation that occurs at stage VIII of the epithelial cycle. Fluorescence microscopy also confirmed Oatp3 localization at the BTB and apical ES (Fig. 1D) . Some Oatp3 staining was also found in the interstitial cells, associated with Leydig cells.
Co-localization of Oatp3 with junction proteins at the BTB and apical ES
Dual-labeled IF analysis was used to examine protein co-localization. At the BTB, Oatp3 displayed partial co-localization with TJ-(e.g. claudin-11, JAM-A, and ZO-1; Fig. 2A ) and basal ES-proteins (e.g. N-cadherin and b-catenin; Fig. 2B ). At the apical ES, Oatp3 almost superimposed with putative apical ES proteins: laminin b3, laminin g3, and b1-integrin (Fig. 2C) .
Changes in the expression and localization of Oatp3 during adjudin-induced germ cell loss in the testes Adjudin (C 15 H 12 Cl 2 N 4 O, Mr 335 . 18), a potential male contraceptive, is known to induce germ cell loss from the seminiferous epithelium by perturbing, most notably, apical ES . In adult rats treated with adjudin, the increase in Oatp3 was noted at 3 h after adjudin administration ( Fig. 3Ai-ii) . This increase maintained for w1 day but declined rapidly and was significantly lower by day 4, suggesting that testis 'shut-off ' the influx pump to prevent entry of adjudin (note: adjudin is a toxicant for spermatogenesis) into the apical compartment by reducing the expression of Oatp3. As adjudin induced testis weight loss (Fig. 3Aiii ) because of germ cell depletion from the seminiferous epithelium and the cellular composition in the samples being analyzed for Oatp3 and OatpY and shown in Fig. 3A :ii did not account for these changes, the data in Fig. 3A :ii were corrected for testis weight changes and shown in Fig. 3A :iv, illustrating a transient increase in Oatp3 expression indeed occurred and it was reduced by days 2-4 but not OatpY. Changes in the localization of Oatp3 in the seminiferous epithelium during adjudin-induced germ cell loss were also examined (Fig. 3B ). Oatp3 was detected at both BTB and the apical ES in normal stage VIII tubules (Fig. 3Bi , a negative control shown in Fig. 3Bv ) similar to findings shown in Fig. 1C . A stage V-VI tubule was found to have adjudininduced misaligned spermatids 12 h after drug administration with intense Oatp3 staining at the apical ES (Fig. 3Bii) , which was not seen in a normal stage V-VII tubule (see Fig. 1 ). When these spermatids are depleting from the epithelium, considerably more Oatp3 was found that surrounded these cells, including the Sertoli cell-round spermatid interface ( Fig. 3Biii-iv) , seemingly suggesting that this influx pump might have allowed more adjudin to reach these misaligned spermatids to cause their defoliation.
Does Oatp3, an integrated component of adhesion protein complexes at the BTB, regulate drug entry to the testis?
Oatp3 was shown to structurally associate with components of adhesion protein complexes at the BTB including basal ES proteins N-cadherin, b-catenin, ZO-1, and actin, but not TJ-proteins occludin, FAK, and c-Src by Co-IP (Fig. 4A ).
This finding was further confirmed by dual-labeled IF analysis illustrating the co-localization of Oatp3 with ZO-1, N-cadherin, and b-catenin at the Sertoli-Sertoli cell interface (Fig. 4B) . To further explore the role of Oatp3 in drug entry to the testis, Sertoli cells cultured for 3 days with an established TJ barrier was incubated with adjudin at 1 mg/ml for various time points (Fig. 4C) . After adjudin treatment, the steady-state level of Oatp3 was upregulated by 1 . 5-fold from days 1-3 (Fig. 4C) and its staining intensity at Sertoli-Sertoli interface was also induced versus control (Fig. 4D ). An increase in association between Oatp3 and ZO-1, b-catenin, or actin after adjudin treatment was also detected (Fig. 4E) , suggesting that more that mimicked the Sertoli cell BTB in vivo), Oatp3 was shown to structurally interact with ZO-1, N-cadherin, b-catenin, and actin (indicated by 'C'), but not occludin, FAK, or c-Src (indicated by 'K'). Sertoli cell lysates Co-IP with normal goat IgG (IgG) and Sertoli cell lysates alone without Co-IP (NSC) served as the corresponding negative and positive control. This experiment was repeated three times using different batches of Sertoli cell cultures that yielded similar results. (B) Dual-labeled immunofluorescence analysis illustrating co-localization of Oatp3 with ZO-1, N-cadherin, and b-catenin at the Sertoli-Sertoli cell interface. Scale bar: 15 mm in i, which applies to ii-ix. (C) Immunoblot (top panel) using Sertoli cell lysates wherein cells were treated with adjudin (1 mg/ml) on day 4 after an intact cell epithelium had been formed for specified time points to assess change in the steady-state level of Oatp3 (C i). Actin blot (lower panel) served as a loading control. These findings were summarized in a bar graph illustrating an upregulation of Sertoli cell Oatp3 expression induced by adjudin from day 1 through 3 post-treatment (C ii). Relative Oatp3 level at time 0 in control group was arbitrarily set as 1, against which statistical analysis was performed. Each bar is the mean GS.D. of nZ4 using different batches of Sertoli cells. *P!0 . 05 by ANOVA. (D) Immunofluorescence microscopy (see i-vi) was used to verify data shown in (C) illustrating a brighter and broader staining pattern of Oatp3 (see bars in iii versus vi) at the Sertoli-Sertoli cell interface (white arrowheads in i and iv) by 3 days after adjudin treatment. iii and vi are enlarged images of the corresponding boxed areas in D ii and v. Nuclei were stained with DAPI. Scale bar: 15 mm in i, which applies to ii, iv, and v; 7 mm in iii, which applies to vi. (E) Co-IP to assess changes in association of Oatp3 with ZO-1, b-catenin, or actin following adjudin treatment using w300 mg protein lysate per sample tube (E i). Normal Sertoli cell lysate without Co-IP was used as positive control (NSC). The bottom panel is the IgGH and IgGL chains, illustrating equal protein loading in this Co-IP experiment and that there was indeed an increase in association between ZO-1, b-catenin, and actin with Oatp3 during adjudin-induced anchoring junction restructuring in the epithelium. Densitometric analyses of blots such as those shown in (E i), illustrating an increase in association between these proteins (E ii). Relative association of the target protein with Oatp3 at time 0 was arbitrarily set as 1. Each bar is the meanGS.D. of nZ3. Oatp3 was 'recruited' to the BTB site to facilitate drug entry to the seminiferous epithelium. We next investigated whether the effects of influx pump to regulate drug entry would impede the Sertoli cell TJ permeability barrier function.
The influx pump function of Oatp3 appears to operate independent of the TJ permeability barrier function As Oatp3 is an integrated component of the N-cadherinbased adhesion protein complex at the BTB, we sought to examine whether Oatp3 knockdown would impede the Sertoli cell TJ barrier function (Fig. 5A-G) . On day 3 after Sertoli cells established a function TJ barrier (Fig. 5G) , cells were transfected with the specific Oatp3 siRNA duplexes versus the non-targeting control siRNA duplexes. While a w60% knockdown of Oatp3 was noted (Fig. 5A and B) with the concomitant disappearance of Oatp3 from the cell-cell interface (Fig. 5C ) without off-target effects as far as we examined ( Fig. 5A and E; for instance, P-glycoprotein and mrp1, both are efflux pumps, was not affected, similar to other BTB proteins), the Sertoli cell TJ barrier was not perturbed (Fig. 5D, F and G) .
Quadruple knockdown of MIDTs by RNAi does not affect the Sertoli cell TJ permeability function
To further validate the concept that the drug transport function at the BTB mediated by influx pumps may be segregated from the TJ barrier function even though drug transporters physically interact with adhesion protein complexes at the BTB, we sought to perform quadruple knockdown of several influx drug pumps in Sertoli cell epithelium and to assess the TJ barrier integrity. Based on the two earlier studies (Augustine et al. 2005 , Su et al. 2009 ), besides Oatp3 (Slco1a5), Slc22a5, Slco6b1, and Slco6c1 are the major influx drug pumps in Sertoli cells, thus these four drug transporters (MIDTs) were selected for the subsequent experiments. When these four influx pumps were 6 cells/cm 2 on Matrigel-coated dishes on day 3 with an established intact cell epithelium were transfected with 100 nM Oatp3-specific siRNA duplexes versus non-targeting control duplexes, cells were harvested 3 days thereafter. (B) Although a z60% decline in the steady-state protein level of Oatp3 was noted, no changes in two major efflux drug transporters, P-glycoprotein (P-gp) and Mrp1, or other TJ and basal ES junction proteins were detected illustrating no off-target effects (A). **P!0 . 01 by Student's t-test. (C) Sertoli cells cultured at 0 . 05!10 6 cells/cm 2 for 3 days were transfected with CY3-labeled Oatp3-specific siRNA duplexes (red) and non-targeting control duplexes (red) for 24 h and were staining with anti-Oatp3 antibody (green). Much of the immunoreactive Oatp3 at the Sertoli-Sertoli cell interface (arrowheads) was diminished considerably after RNAi when compared with controls (iv-vi versus i-iii). (D) The Sertoli cell TJ permeability barrier function was also monitored by quantifying transepithelial electrical resistance (TER) across the cell epithelium after Oatp3 RNAi versus controls, illustrating no effect of Oatp3 knockdown on Sertoli cell TJ barrier function. (E-G) Oatp3 knockdown did not affect the distribution of P-glycoprotein (E iii-vi versus i-ii), occludin (F iii-vi versus i-ii) or N-cadherin (G iii-vi versus i-ii) at the Sertoli-Sertoli cell interface. Scale bar, 15 mm in C i, which applies to ii-vi; 30 mm in E i, which applies to ii-iv and also i-iv in both F and G. Full colour version of this figure available via http://dx. doi.org/10.1530/JOE-10-0474.
knockeddown by RNAi using corresponding siRNA duplexes versus control duplexes with w70-80% efficacy (up to O95% efficacy in some cases) when verified by RT-PCR and qPCR ( Fig. 6A and B) , no off-target effects were detected (Fig. 6C) , illustrating the specificity of the RNAi experiments. Consistent with results shown in Fig. 5 , the quadruple knockdown of MIDTs did not perturb the Sertoli cell TJ barrier function (Fig. 7A) nor the distribution of occludin or N-cadherin at the Sertoli-Sertoli cell interface (Fig. 7B) , confirming that the TJ barrier integrity was not compromised.
A knockdown of Oatp3 or MIDTs by RNAi impedes the transit of [
3 H]adjudin at the BTB in Sertoli cell epithelium
The entry of drugs, such as adjudin, into the microenvironment, namely the apical compartment, behind the BTB in the testis remains unknown ) when receptors are not present in Sertoli cells. For instance, adjudin has exceedingly poor bioavailability , possibly due to the lack of a specific a receptor. In this study, we tested the hypothesis that drug entry into the testis is mediated by drug transporters by RNAi. On day 3, Sertoli cells having an established TJ barrier were transfected with corresponding siRNA duplexes to knockdown either Oatp3 alone or MIDTs, and 3 days thereafter when these genes were silenced (see Fig. 6A -C), [ 3 H]adjudin was added to the basal compartment of the bicameral units at time 0. At specified time points as shown in Fig. 7C , an aliquot of 50 ml medium was withdrawn from the apical and basal compartment for radioactivity determination to quantify the movement of [ 3 H]adjudin across the Sertoli cell BTB when the TJ barrier was not compromised (Fig. 7A and B, Fig. 5D (Fig. 7C) . These findings illustrate that drug entry in the testis is mediated by influx drug pumps. Although Oatp3 is an integrated component of protein complexes that confer TJ barrier function at the BTB, drug entry into the epithelium behind the BTB is not mediated by a 'disruption' of the TJ barrier. Instead, it is mediated by a drug transport mechanism, involving at least influx pumps, independent of the TJ permeability barrier function. showed that there was no off-target effect following the knockdown of MIDTs as multiple proteins including P-glycoprotein (P-gp, an efflux pump) and multidrug resistance-associated protein 1 (Mrp1) were not affected, illustrating that the silencing is specific to the corresponding target drug transporter. L SU and others . Drug transporters and blood-testis barrier cells, and germ cells (most notably late spermatids) in the testis (for a review, see Setchell (2008) ), are efflux pumps that actively transport drugs 'out' of epithelial or endothelial cells, or 'prevent' drugs from entering cells, utilizing a primary active transport mechanism utilizing ATP (Dallas et al. 2006 , Miller et al. 2008 , Shen & Zhang 2010 . Unlike these efflux pump transporters, influx pumps, such as SLC transporters, including Oatp3, OCTN2 (Slc22a5), TST-1 (Slco6b1), and TST-2 (Slco6c1) that were examined in this report, that transport drugs 'into' epithelial or endothelial cells utilize one of the two non-ATP-dependent mechanisms (El-Sheikh et al. 2008 , Kis et al. 2010 , Ueno et al. 2010 . First, the energy that pumps drugs or small molecules into cells via an influx pump derives from a gradient that is created by a primary active transport system such as the electrochemical potential difference created by pumping ions (e.g. Na C and K C ). Secondly, drugs, ionic compounds, or heavy metals enter cells via the 'pores' in SLC transporters. Since Oatp3 is an integrated component of the N-cadherin-based cell adhesion protein complex at the BTB that structurally interacts with N-cadherin, b-catenin, and ZO-1, but not occludin or FAK (note: FAK forms a regulatory protein complex with occludin at the BTB (Siu et al. 2009b) ) as reported in this study, we speculated that these influx pumps might mediate their effects to transport drugs across the Sertoli cell BTB via changes in the TJ permeability barrier. In fact, the protein-protein interaction between Oatp3 and ZO-1 or b-catenin was significantly induced following adjudin treatment, plausibly being used to reinforce the BTB integrity to prevent the entry of adjudin into the apical compartment of the epithelium where post-meiotic spermatid development takes place because adjudin is 'viewed' as a toxicant in relation to spermatogenesis. Furthermore, a recent study has shown that P-glycoprotein is also an integrated component of the occludin-, claudin-11-, and JAM A-based adhesion protein complexes at the BTB (Su et al. 2009 ). Collectively, these findings thus support the postulate that the presence of drug transporters at the BTB may facilitate or be involved in the maintenance of the Sertoli cell TJ permeability barrier. Surprisingly, a knockdown of Oatp3 alone or a combination of Oatp3 and three other SLC transporters, namely OCTN2 (Slc22a5), TST-1 (Slco6b1), and TST-2 (Slco6c1) did not perturb the Sertoli cell TJ barrier nor protein distribution at the Sertoli-Sertoli cell interface (e.g. occludin and N-cadherin) even though the amount of immunoreactive Oatp3 at the cell-cell interface significantly subsided as a result of the knockdown by RNAi. These findings thus demonstrate unequivocally that even though Oatp3, a SLC transporter and an influx pump, is an integrated component of the adhesion complexes at the BTB, its knockdown does not impede the Sertoli cell TJ barrier function, making it unlikely that drugs can traverse the BTB via an alteration in the TJ barrier function induced by changes in protein-protein interactions between influx pumps and cell adhesion proteins at the site. In this context, it is noted that the Sertoli cell in vitro system to study BTB function is widely used in the field (Janecki et al. 1991b (Janecki et al. , 1992 and numerous findings obtained based on this in vitro system (Lui et al. 2003a have been reproduced in studies in vivo using a BTB integrity assay (Lui et al. 2003b , Li et al. 2006 , Xia et al. 2009 ). In short, this is a reliable system to study Sertoli cell BTB dynamics.
Transport of drug (e.g. adjudin) across the BTB is mediated almost exclusively by influx pumps instead of paracellular transport through the TJ barrier
In an earlier study examining the distribution and organ uptake of [ 3 H]adjudin in the testis versus other organs (such as liver, kidney, brain, and small intestine) to assess its bioavailability, it was shown that this drug distributed almost evenly amongst all organs examined with !0 . 05% of the total administered reaching the testis and O95% being cleared from host animals within 24-48 h . Even though the BTB poses an excellent barrier to adjudin, this compound (at 50 mg/kg b.w., by gavage) limits its effects almost exclusively in the testis by disrupting the testis-specific anchoring junction namely apical ES at the Sertoli-spermatid interface because at up to 2000 m/kg b.w. in rats or 1000 mg/ kg b.w. in mice (Ames test), no damage was seen in other organs when performed by licensed toxicologists and results from serum microchemistry also illustrated no associated liver or kidney damage was detected . Because of the knockdown of either Oatp3 alone or in combination with three other Sertoli cell major SLC influx transporters failed to alter the TJ permeability barrier as reported in this study, these findings suggest that drug transport across the BTB may not be mediated via a transiently 'disrupted' BTB. Instead, the findings reported in this study illustrate that the entry of [ 3 H]adjudin across the Sertoli cell BTB into the apical compartment of the bicameral units was significantly impeded when the expression of Oatp3 was knockeddown by RNAi using specific Oatp3 siRNA duplexes, and the quadruple knockdown of four SLC transporters further impeded the transport of [ 3 H]adjudin across the Sertoli cell BTB. Thus, drug entry at the BTB is likely mediated via the 'pores' located in the influx pumps instead of a transiently 'disrupted' Sertoli cell TJ barrier. This information is extremely helpful in male contraceptive development, in particular, using compounds (e.g. adjudin) that likely exert their effects in the apical compartment of the seminiferous epithelium behind the BTB. In this context, it is of interest to note that w10% of [ 3 H]adjudin added onto the basal compartment of the bicameral unit could reach the apical compartment. However, earlier studies to assess the bioavailability of [ 3 H]adjudin by administering this compound to adult rats orally and to assess its recovery in the testis illustrates that fewer than w1% could reach the seminiferous epithelium , and this extremely low bioavailability is consistent with studies of pharmacokinetics to assess its tissue distribution in both rats and rabbits (Hu et al. 2009 ). This is likely due to the lack of myoid cell layer in the in vitro system because the myoid cell layer surrounding the seminiferous tubule is known to significantly contribute to the BTB function in rodents (Dym & Fawcett 1970 , even though its role in primates (Dym 1973 ) and perhaps humans is considerably diminished. In short, these findings demonstrate that the entry of adjudin into the apical compartment of the seminiferous epithelium is mediated almost exclusively by drug transporters instead of via paracellular diffusion at the TJ barrier. Thus, these findings require additional studies to examine whether the transport of other drugs and/or chemicals across the BTB is similarly regulated. Additionally, it remains to be determined if a knockdown of efflux pumps (e.g. P-glycoprotein) would impede the Sertoli TJ permeability barrier function.
Concluding remarks
It must be noted that the above findings regarding the role of efflux pumps in mediating drug transport across the BTB is based on the use of an in vitro model of Sertoli cell BTB. Yet, it is also noted that many of the earlier findings using this in vitro model to study BTB regulation, such as the regulation of Sertoli cell TJ permeability barrier function in vitro by TGFb3 (Lui et al. 2001 ) is mediated via the p38 MAPK signaling pathway downstream (Lui et al. 2003a) , have subsequently been confirmed and validated in studies in vivo (Lui et al. 2003b , Wong et al. 2004 ). This is not entirely unexpected because multiple laboratories have been using this in vitro primary Sertoli cell culture system to investigate the biology and regulation of BTB dynamics including our laboratory (Byers et al. 1986 , Grima et al. 1992 , Janecki et al. 1992 , Okanlawon & Dym 1996 , Chung & Cheng 2001 , Li et al. 2001b , and many of these findings were subsequently confirmed in studies in vivo (Hew et al. 1993 , Lui et al. 2003b . Nonetheless, these findings reported in this study require additional in vivo studies for their validation.
